(19) 



(12) 



Europaisches Patentamt 
European Patent Office 
Office eur p^en des brevets (11) EP 0 513 064 B1 

EUROPEAN PATENT SPECIFICATION 



(45) Date of publication and mention 
of the grant of the patent: 
1&12.1996 Bulletin 1996/51 

(21) Application number: 91902372.0 

(22) Date of filing: 29.01.1991 



(51) Int. CI. 6 : B03C5/00 

// C12Q1/24, G01N33/537, 
G01N33/543 

(86) International application number: 
PCT/GB91/00122 

(87) International publication number: 

WO 91/1 1262 (08.08.1991 Gazette 1991/18} 



Bl 



(54) MANIPULATION OF SOLID, SEMI-SOUD OR LIQUID MATERIALS 

MANIPULATION VON FESTEN, SEMI-FESTEN ODER FL0SSK3EN MATERIALIEN 
MANIPULATION DE SUBSTANCES SOLIDES, SEMI-SOLIDES OU LIQUIDES 



(84) Designated Contracting States: 

AT BE CH DE DK ES FR GB IT U NL SE 

(30) Priority: 30.01 .1990GB 9002092 

(43) Date of publication of application: 
19.11.1992 Bulletin 1992/47 

(73) Proprietor: BRITISH TECHNOLOGY GROUP 
LIMITED 

London SE1 6BU (GB) 

(72) Inventors: 

• PETHIG, Ronald 

Anglesey, Gwynedd LL59 5DT (GB) 

• BURT, Julian Paul Hillhouse 
Bangor, Gwynedd LL574LN (GB) 

(74) Representative: Buttrick, Richard et al 
British Technology Group Ltd, 

101 Newington Causeway 
London SE1 6BU (GB) 



CO 
CO 

o 

CO 

io 

o 

Q. 
LU 



(56) References cited: 
US-A- 4 390 403 



US-A- 4 441 972 



• Conference Record of the 1986 IEEE industry 
Applications Society Annual Meeting, Part II, 
1986, R.J. Adamson et al.:"An automated stream 
centred dielectrophoretic system", see pages 
1350-1354 

• Biochimlca et Biophysica Acta, volume 964, 
1988, Elsevier, (Amsterdam, NL), J. 

• A.R. Price et al.: "Applications of a new optical 
technique for measuring the dielectrophoretic 
behaviour of microorganisms", see pages 221- 
230 

• Journal of Physics E. Scientific Instruments 
volume 22, November 1 989, (London, GB), J.P.H. 
Burt et al.: "An optical ^electrophoresis 
spectrometer for low- frequency measurements 
on colloidal suspensions", see pages 952-957 

• IEEE Transactions on Industry Applications, 
volume 24, no. 2, March/April 1988, (New York, 
US), S. Masuda et al.: "Movement of blood cells 
in liquid by nonuniform travelling field", see 
pages 217-222 

• Biological Membranes, volume 5, 1984, W.M. 
Arnold et al.: "Electric field- induced fusion and 
rotation of cells", see pages 389-454 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to th Europ an Patent Office of opposition to the European patent granted. Notice of opposition shall be filed in 
a written reasoned statement It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



Printed by Rank Xerox (UK) Business Services 
2.13.10/3.4 



1 



EP 0 513 064 B1 



2 



Description 

This invention relates to promoting reactions 
between particles suspended in a liquid. 

A wide variety of commercial processes involve the s 
use of liquid media having solid, semi-solid or liquid par- 
ticles suspended in them. The particles may vary very 
widely from inert inorganic materials through to reactive 
materials, and organic or biological structures such as 
cells or parts of cells. 10 

It has been known for some time that particles of 
these various types may be caused to move within a liq- 
uid medium by the use of a non-uniform electric field, 
and the basic phenomenon of ^electrophoresis has 
been extensively discussed, for example see "Die! ectro- 15 
phoresis", Cambridge University Press, 1978 by H A 
Pohl and Chapter 6 of "Dielectric and Electronic Proper- 
ties of biological Materials", John Wiley & Sons 1979 by 
Ronald Pethig. 

Recently the application of ^electrophoresis has 20 
been suggested in the area of materials classification: 
the construction of a so-called "optical dielectrophoresis 
spectrometer" is described in Burt, Al-Ameen & Pethig, 
"An optical dielectrophoresis spectrometer for low-fre- 
quency measurements on colloidal suspensions", Jour- 25 
nal of Physics, section E, Scientific Instrumentation, 
Volume 22 (1 989) pages 952 to 957. 

That paper, and the related paper "Applications of a 
New Optical Technique for Measuring the Dielectro- 
phoretic Behaviour of Microorganisms", Price, Burt and 30 
Pethig Biochimica et Biophysica Acta 964 (1988) pages 
221 to 230, disclose the use of interdigitaled electrodes 
deposited on a dielectric substrate to cause movement 
of suspended particulates by the dielectrophoretic 
effect. 35 

Most previous work has been directed to the char- 
acterisation of materials by taking appropriate measure- 
ments of their electric field-induced properties. Another 
major application is the use of positive dielectrophoretic 
forces to align biological cells between electrodes prior 40 
to their electrofusion, as described by W M Arnold and 
U 23mmermann ("Electric Field Induced Fusion and 
Rotation of Cells", Biological Membranes 5, 389-454. 
1984). Also, a method and apparatus for dielectro- 
phoretic manipulation of chemical species has been 45 
described by J S BatcheWer (US Patent 4,390,403, 
June 28, 1983). This method employs DC non-uniform 
electrical fields to manipulate one or more chemicals 
within a multi-electrode chamber so as to promote 
chemical reactions between the chemical species. The so 
applied voltage may be periodically reversed in sign to 
decrease ionic shielding effects (see column 3, line 62 
to column 4, line 3). The manipulation of the chemicals 
is controlled by positive dielectrophoretic forces result- 
ing from differences in the dielectric constants of the ss 
chemical species. 

(n previous works of S Masuda, M Washizu and I 
Kawabata "Movement of Blood Cells in Liquid by Nonu- 
niform Travelling Field", IEEE Transactions on Industry 



Applications, Volume 24 (1 988) pages 21 7 to 222, blood 
ceils were caused to move under the influence of a non- 
uniform travelling electric field. This field was generated 
by applying two, fixed frequency, multiphased, voltage 
signals, related by having the same frequency and 
amplitude, to a series of parallel electrodes. Likewise, 
the rotating electric field described by W M Arnold and 
U Zimmerman and employed to cause rotation of a sin- 
gle cell, is generated using either a single, phase-split, 
voltage signal or synchronised, identical, voltage 
pulses. 

Summarising this background, in promoting reac- 
tions between particles suspended in a liquid, by using 
dielectrophoresis, the particles being of one type or 
more than one type, it is known to proceed by introduc- 
ing a volume of the liquid with particles suspended 
therein into a treatment ceil provided with electrodes, 
and applying an alternating electric signal of relatively 
high frequency to the electrodes to generate redistribu- 
tion of the particles under the effect of dielectrophoretic 
force. 

We have now found that if two or more non-uniform 
electric fields of differing frequencies are imposed, 
simultaneously or sequentially, on a suspension of par- 
ticles of one or more than one type in a liquid, using 
appropriate electronic control, various reactions may be 
stimulated to occur in the particles in the liquid. 

Thus, in accordance with a first feature of the inven- 
tion, the method summarized above may be improved 
by applying, while the particles in the said cell occupy 
the redistributed positions, a second alternating electric 
signal to the electrodes, the frequency of the second 
signal being significantly different from that of the first 
signal, and chosen taking into account the dielectric 
constant and electrical conductivity of the particles and 
the liquid to produce dielectrophoretic forces acting on 
the particles differing from those produced by the first 
signal, and effecting a second redistribution of the parti- 
cles differing from the first redistribution. 

In accordance with an alternative feature of the 
invention, the method summarized above may be 
improved by simultaneously applying a second alternat- 
ing electric signal to the electrodes, the frequency of the 
second signal being significantly different from that of 
the first signal and chosen taking into account the die- 
lectric constant and electrical conductivity of the parti- 
cles and the liquid to produce dielectrophoretic forces 
acting on the particles differing from those produced by 
the first signal. 

The term reaction as used herein is to be inter- 
preted broadly as covering various chemical, biochemi- 
cal and physical interactions, and large scale 
manipulations such as separation followed by recombi- 
nation, optionally with a treatment being selectively 
applied to one component of a multicomponent system 
while so separated from the other components). 

Whereas previous work (e.g. Batchelder) has 
employed differences in the dielectric constant of the 
manipulated chemical species to control the desired 
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reactions, we have found that, in addition to varying the 
dielectric constant varying the electrical conductivity of 
either or both the suspended particles and the suspend- 
ing medium provides a further degree of control. In this 
connection (and throughout this specification) the term 
dielectric constant is used to refer to the real part of the 
complex permittivity. 

The particles which may be used may be of ani- 
mate or inanimate material and they may be colloidal or 
of some other nature. 

With appropriate choice of the dielectric constant 
and electrical conductivity of either or both the sus- 
pended particle and suspending medium, both positive 
and negative dielectrophoretic forces may be employed 
as the manipulating agent Preferably, in carrying out 
the method of the invention, at least one of the electrical 
fields is chosen to effect a negative dielectrophoretic 
force on some only of the particles in the liquid. By 
appropriate choice of electrode geometry, it is possible 
to achieve at appropriate regions within the electrode 
geometry, regions where particular species of particle 
segregate or particular particle agglomerations occur. In 
order to enable adequate quantities of suspension to be 
treated, the electrodes may take the form of a repeating 
pattern array or, e.g. two electrodes may be comblike 
and inter-engaged with each extending part of each 
lying between two neighbouring such parts of the other. 

The present invention may be practised using suit- 
able apparatus including a treatment cell including an 
electrode array, means for feeding a suspension of par- 
ticles in a liquid to the treatment cell, and means for 
removing liquid from the cell, first means connected to 
electrodes in the cell and adapted to generate a first 
non-uniform electrical field within the cell, and second 
means connected to electrodes in the cell and adapted 
to generate a second non-uniform electrical field within 
the cell and of frequencies differing from the first electri- 
cal field. 

Preferably, the electrode array is mounted on an 
external wail of the treatment cell. Such an arrangement 
may include as part of the liquid removing means perfo- 
rations in the external wall of the cell bearing the elec- 
trodes, the perforations being so located that when the 
electrodes are appropriately electrically activated rela- 
tive to the particles in the liquid medium in the cell and 
to the liquid medium itself, the liquid and particles drawn 
off through the perforations will differ from the general 
bulk characteristics of the suspension of particles in the 
liquid in the ceil. 

In the description of specific illustrated apparatus 
which follows, for simplicity of expression, reference is 
made to applying signals to electrodes. It should be 
understood that in order to create the appropriate elec- 
tric fields, the signal is, in practice, applied across a pair 
of electrodes, one of which may be a reference elec- 
trode or an extensive surface area 'ground plate' or the 
like. 

Depending upon the nature of the particles in the 
suspension, the nature of the suspension itself, and the 



nature of the applied electrical fields to the electrode 
array, the particles may be caused to aggregate towards 
regions of an electrode or a number of electrodes or 
alternatively detach themselves from such electrode(s) 

5 and/or aggregate towards regions away from the elec- 
trodes. These phenomena may be exploited in a wide 
variety of applications to manipulate the particles in sus- 
pension, e.g. to provide the directed assembly of struc- 
tures from such suspended particles, or to provide 

io separation from a mixture of suspended particles of dif- 
ferent types, to provide characterization of particular 
particle types or to promote a reaction between parti- 
cles of two or more different types. 

The accompanying drawings and the examples 

75 which follow the description thereof will serve to illus- 
trate the techniques used in practising the method of the 
invention in more detail. In the drawings: 

Figures 1a and 1b show top, side and end views of 
20 two different examples of electrode geometries 
which may be used in the method of the present 
invention, 

Figures 2 and 3 show diagrammatically the move- 
rs merit of a particle using the electrode array of Fig- 
ure 1a, 

Figure 4 shows diagrammatically a more complex 
situation, 

30 

Figures 5a, 5b and 5c show the electrode geometry 
of Figure 1b and examples of particle aggregation 
at regions on the electrodes and regions away from 
the electrodes, 

35 

Figure 6 shows diagrammatically two different par- 
ticle types collected at the same time using both 
positive and negative dielectrophoretic forces, 

40 Figure 7a shows the random distribution of two par- 
ticle types in the regions near two independent 
pairs of electrodes, 

Rgure 7b shows the resulting distribution of two 
45 particle types after the independent electrode pairs 
have been energized by two characteristically dif- 
ferent voltages, and 

Rgure 8 shows a block diagram of apparatus which 
so can be used to carry out the method of the inven- 
tion. 

Referring to the drawings, Rgure 1a shows in plan, 
side and end views, one wall of a treatment cell which 
ss can be used to manipulate a suspension consisting of 
one or more particle types. The apparatus comprises an 
array of electrodes 1 fabricated on to a suitable sub- 
strate 2 that forms the wall or surface of the treatment 
cell. Each electrode can be individually and independ- 
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ently energized by arty form of electrical signal via elec- 
trical connectors 3. The electrodes may be in direct 
electrical contact with the particle suspending liquid or 
separated from it by an appropriate material. For the 
purpose of illustration the electrodes in Figure 1a are 5 
shown having a rectangular geometry, but other 
geometries may be used depending on the particle 
characteristics and the desired effect to be achieved. 

Figure 2 shows the array of electrodes and a test 
particle 4 suspended in a liquid adjacent to the elec- 10 
trodes. By applying an appropriate electrical signal to 
electrode 5, the particle can be dielectrophoreticaily 
attracted towards electrode 5. This effect is enhanced 
by applying, at the same time, another electrical signal 
to electrodes 6 and 7 such that particle 4 is dielectro- 15 
phoretically repelled from electrodes 6 and 7. The elec- 
trical signals are applied to electrodes 5, 6 and 7 until 
particle 4 becomes immobilized at electrode 5 or 
reaches a desired locality in the region of electrode 5. 
The particle can then be further moved by applying, for 20 
example, electrical signals which repel the particle from 
the region of electrode 5 and attract it towards electrode 
8. 

Figure 3 shows particle 4 after it has been dielectro- 
phoreticaily manipulated to the region of electrode 8 25 
and also shows another particle 9 located at an elec- 
trode 1 0. Particle 9 may or may not have the same die- 
lectric and conductive properties as particle 4. Particles 
4 and 9 may be positioned alongside each other by die- 
lectrophoreticaily moving either or both of them. Bring- 30 
ing particles 4 and 9 (and any others in like fashion) into 
association may be effected for the purpose of con- 
structing larger building blocks or for inducing a specific 
chemical, biological or electrochemical reaction 
between them. This example describes the bringing 35 
together of particles but, in the more general case, the 
apparatus may be employed to manipulate particles into 
any desired positions relative to each other. 

In Figure 4 a collection of particles is shown com- 
posed of particle types 4 and 9, which in this case pos- 40 
sess differing bulk and/or surface electrical properties. 
By applying an electrical signal to electrodes 5 and 8 
that differs from the signal applied to electrodes 6 and 7, 
and by an appropriate choice of signal characteristics 
(i.e. waveform, magnitude and frequency) as well as the 4S 
suspending medium characteristics (e.g. pH, dielectric 
constant conductivity and specific density) particle 
types 4 and 6 may be physically separated from each 
other with, for example, particle type 4 collecting near 
electrodes 5 and 8 and particle type 9 collecting near so 
electrodes 6 and 7. The electrical signals applied to 
electrode pairs 5 + 8 and 6 + 7, or any other electrode 
combination, may be applied continuously or intermit- 
tently, and at the same or differing times, in order to 
achieve the desired separation. The particle types may ss 
then be removed separately from the treatment cell by 
drawing off the particle suspending fluid through perfo- 
rations located near the electrodes, having first 
released the desired particle type from the electrodes 



either by removing the electrical signal used to collect 
them or, rf strong electrode adhesion occurs, releasing 
them by applying electrical signals of appropriate char- 
acteristics to the electrodes. The extent of particle col- 
lection at the electrodes can be continuously assessed 
using an optical m nitoring technique as described by 
Burt, Al-Ameen and Pethig in the Journal of Physics. 
Section E, Scientific Instrumentation, Volume 22 (1989) 
pages 952 to 957, and the subsequent release of parti- 
cles can likewise be monitored by an optical probe at 
the electrodes and also downstream of the perforations. 

Figure 1b shows, in plan, side and end views, 
another electrode geometry which can be used to 
manipulate a suspension consisting of one or more par- 
ticle types. For the purpose of illustration, the electrodes 
in Figure 1b are shown having a castellated, interdigi- 
tated, rectangular, geometry, but other geometries may 
be used depending on the particle characteristics and 
the desired effect to be achieved. 

Figure 5a shows diagrammatically a section of an 
array of interdigitated. castellated, electrodes 1 1 and 12 
after the application of a voltage between electrodes 1 1 
and 12. Two different particle types 13 and 14 have 
been aggregated as long chains at the outer tips of the 
individual electrode casteliations. as a result of both 
particle types experiencing a positive dielectrophoretic 
force. 

Figure 5b shows diagrammatically the same type of 
electrode configuration as in Figure 5a, where two dif- 
ferent particle types 13 and 14 have been aggregated 
into regions of the upper electrode surfaces, away from 
the electrode sides, as a result of experiencing a nega- 
tive dielectrophoretic force. 

Rgure 5c shows diagrammatically the same type of 
electrode configuration as in Figures 5a and 5b, where 
two different particle types 13 and 14 have been 
directed into forming triangular-shaped aggregations in 
the regions between the electrode casteliations away 
from the electrode sides, as a result of experiencing a 
negative dielectrophoretic force. 

EXAMPLE 1 

A cell was taken with an array of interdigitated, cas- 
tellated, electrodes substantially as shown in Rgure 1b. 
Each castellation was 20 microns wide, 40 microns 
deep, about 0.1 micron high, spaced at 80 micron cen- 
tres, the interdigitated electrode rows being 80 microns 
apart. The entire array had 60 electrodes in each row, 
and was around 5mm long. The array was located on 
one wall of a ceil of internal volume 7.5 cubic mm. 

A suspension in a medium of 280 nM mannitol in 
deionised water containing as suspended particles 
Micrococcus lysodeikticus (ellipsoids around 2 microns 
long and 0.5 micron across) was added in equal amount 
to a suspension of latex particles (1 .27 micron diameter) 
in deionised water. The cone ntration of suspended 
particles was such that the optical absorbence at a 
wavelength of 635 nm, and 1 cm path length was, in 
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each case. 1.61 (cf deionised water). The conductivity 
of the Micrococcus suspension was 11.4 micro-Sie- 
mens per cm, whilst that of the latex particle suspension 
was 2.1 micro-Siemens per cm. When evenly distrib- 
uted, the amount of interaction between the latex parti- 5 
cles and the Micrococcus was very small. 

On application of a voltage of 4V p/p sinewave at a 
frequency of 100 kHz, the latex and Micrococcus parti- 
cles aggregated as long chains at the outer tips of the 
individual electrode castellations in a similar manner to 10 
that shown in Figure 3 of the 1988 Biochimica et Bio- 
physica Acta paper of Price, Burt and Pethig, and as 
also schematically shown in Figure 5a. The term "posi- 
tive (^electrophoresis" as used herein is to be inter- 
preted broadly as this form of particle aggregation in 15 
which the particles move towards the areas of higher 
field strength. On removal of the applied voltage, the 
latex and Micrococcus particles separated from each 
other and became dispersed in the suspending 
medium. This process of bringing the latex and Micro- 20 
coccus particles into intimate contact with each other, 
and then letting them separate, can be repeated many 
times. 

On application of a voltage of 4V p/p sinewave at a 
frequency in the range between 100 Hz and 1 kHz, the 25 
latex and Micrococcus particles aggregated at regions 
of the upper electrode surfaces, away from the elec- 
trode sides, as illustrated in Figure 5b. This form of par- 
ticle aggregation, where the particles are directed away 
from high electric field regions at electrode edges, is not 20 
the normal form of positive dielectrophoresis, and 
herein is to be interpreted broadly as negative dielectro- 
phoresis. 

EXAMPLE 2 35 

A ceil was taken of the same form as that in Exam- 
ple 1, but each electrode casteJIation was 80 microns 
wide, 80 microns deep, about 0.1 micron high, spaced 
at 160 micron centres and with the interdigitated elec- 40 
trode rows being spaced at 160 microns apart. The 
entire electrode array had 60 electrodes in each row, 
and was around 1 .0 cm long. The array was located on 
one wall of a cell of internal volume 30 cubic mm. 

A suspension in a medium of 280 mM mannitol in 45 
deionised water was prepared containing as suspended 
particles equal numbers of live Brewers yeast cells and 
dead (autoclaved) Brewers yeast ceils to an optical 
absorbance of about 0.8 at a wavelength of 635 nm for 
1 cm path length. On application of a voltage of 20V p/p so 
sinewave at a frequency range of 100 Hz to 20 MHz, 
both the live and dead yeast cells experienced a posi- 
tive dielectrophoretic force and collected at the outer 
tips of the electrode castellations. 

On increasing the electrical conductivity of the 55 
mannitol suspending medium, by the addition of potas- 
sium chloride, to a conductivity of 150 micro-Siemens 
per cm, then, depending on the frequency of the voltage 
applied to the electrodes, the two cell types could each 



be made to experience either a negative or positive die- 
lectrophoretic force. For example, when a voltage of 
20V p/p sinewave at a frequency of 1 0 kHz was applied 
to the electrodes, the dead yeast cells were observed to 
collect at the outer tips of the electrode castellations (as 
shown in Figure 5a) as a result of experiencing a posi- 
tive dielectrophoretic force, whilst the live yeast cells 
were directed by a negative dielectrophoretic force into 
a triangular-shaped aggregation in the regions between 
the electrode castellations away from the electrode 
sides, as shown in Figure 5c. The overall collection of 
the live and dead yeast cells is similar to that shown in 
Rgure 6, where the live yeast cells are labelled as parti- 
cle type 1 5 and the dead yeast cells are labelled as par- 
ticle type 16. On the other hand, if a voltage of 20V pip 
sinewave at a frequency of 10 MHz was applied to the 
electrodes, then the live yeast cells experienced a posi- 
tive dielectrophoretic force and collected in the form of 
Figure 5a, whilst the dead cells experienced a negative 
dielectrophoretic force and aggregated in the triangular 
form as shown in Rgure 5b. 

EXAMPLE 

A cell was taken with an array of interdigitated, cas- 
tellated, electrodes of the same geometry and dimen- 
sions as that used in Example 1 above. A suspension in 
a medium of deionized water was prepared, containing 
as suspended particles two types of latex particles of 
diameter 1 .27 micron. The first type of latex particle was 
coated with the antibody raised in rabbit against horse- 
radish peroxidase, whilst the second type of latex parti- 
cle was coated with horseradish peroxidase-labelled 
antibody raised in swine against the horseradish perox- 
idase antibody raised in rabbit. The final suspension of 
electrical conductivity 4.1 micro-Siemens per cm was 
formed by mixing together in equal volumes a suspen- 
sion of latex particle type 1, of optical density 0.8 at a 
wavelength of 635 nm at a 1 cm path length, with a sus- 
pension of latex particle type 2 of optical density 0.54 at 
a wavelength of 635 nm at a 1 cm path length. 

On applying to the electrodes a voltage of 4V p>|3 
sinewave at a frequency of 1 kHz, both latex particle 
types experienced a negative dielectrophoretic force 
and rapidly aggregated at regions of the upper elec- 
trode surfaces, away from the electrode sides, as shown 
in Rgure 5b. This aggregation brought both types of 
latex particle into close contact with each other, and 
greatly accelerated the rate of interaction between the 
two antibody types coated on the latex particles. On 
removing the applied voltage to the electrodes, a signif- 
icant number of the latex particles were observed to be 
bound together as a result of the dielectrophoretically- 
induced interaction of the latex particles. 

EXAMP LE 4 

A cell was taken with an electrode geometry similar 
to that shown in Rgures 7a and 7b, where the electrode 
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pair 17 can be energized by an applied voltage sepa- 
rately and independently from electrode pair 18. The 
separation between the two electrodes forming elec- 
trode pair 1 7 was 1 04 microns, and likewise for the two 
electrodes forming electrode pair 18. Each electrode 5 
element was of width 32 micron, and of height around 
0.1 micron, and the two electrode pairs were spaced 
1 30 microns apart from each other. 

A suspension in a medium of 280 mM mannitol in 
deionized water was prepared, which contained, as 10 
suspended particles, equal numbers of live Brewers 
yeast cells 19 and dead (autodaved) Brewers yeast 
cells 20 to an optical absorbance of about 0.8 at a wave- 
length of 635 nm and a 1 cm optical path length. To this 
suspension medium was added potassium chloride of is 
sufficient concentration to increase the electrical con- 
ductivity of the medium to 1 50 micro-Siemens per cm. A 
voltage of 20V p/p sinewave at a frequency of 10 kHz 
was applied to electrodes 17 of Figures 7a and 7b, and 
at the same time a voltage of 20V pfc sinewave at a f re- 20 
quency of 10 MHz was applied to electrodes 18. The 
live yeast cells were observed to be attracted by a posi- 
tive dielectrophoretic force towards, and to collect at, 
the electrodes 18 energised by the 10 MHz voltage, and 
to be repelled by a negative dielectrophoretic force from 25 
the regions around the electrodes 17 energized by the 
10 kHz voltage. The dead yeast cells, on the other hand, 
were repelled by a negative dielectrophoretic force from 
the regions around the electrode 1 8 energized by the 1 0 
MHz voltage, but were attracted by a positive dielectro- 30 
phoretic force towards, and collected at the electrodes 
17 energized by the 10 kHz voltage. The distribution of 
live and dead yeast cells before and after application of 
the 1 0 kHz and 10 MHz voltages is shown in Figures 7a 
and 7b, respectively. As can be seen, a spatial separa- 35 
tion of the live yeast cells from the dead yeast cells is 
accomplished by this procedure. 

EXAMPLES 

40 

A ceil was taken with an array of interdigitated, cas- 
tellated, electrodes of the same geometry and dimen- 
sions as that used in Example 1 above. Two types of 
glass beads of nominal diameter 1 .0 micron were used. 
The first type of glass bead was shaken in 5% amino- 45 
propyl triethoxysilane in dry acetone for 3 hours, then 
washed and dried at 70 degrees Centigrade. After dry- 
ing, the beads were shaken in a 5% solution of nitroph- 
enyl ester of d-biotin in chloroform. This procedure 
resulted in the first type of glass bead being coated with so 
a f Dm of d-biotin. The second type of glass bead was 
shaken in a solution containing 1mg per ml of avidin in 
phosphate buffered saline at pH 7.7 for 20 minutes. The 
treated beads were then washed three times in phos- 
phate buffered saline solution. This procedure resulted 55 
in the second type of glass bead being coated with a 
film of avidin. Beads type 1 and 2 were then separately 
suspended in a solution of potassium chloride of electri- 
cal conductivity 3.5 micro-Siemens per cm. 



The final suspension was formed by mixing 
together in equal volumes a suspension of glass bead 
type 1 , of optical density 0.8 at a wavelength of 635 nm 
at 1cm optical path length, with a suspension of glass 
bead type 2 of optical density 0.8 at a wavelength of 635 
nm at a 1 cm optical path length. 

On applying to the electrodes a voltage of 6V p/p 
sinewave at a frequency of 800 Hz, both glass particle 
types experienced a negative dielectrophoretic force 
and aggregated at regions of the upper electrode sur- 
faces, away from the electrode sides, similar to that 
shown in Figure 5b. On removal of the applied voltage, 
a significant number of the glass beads were observed 
to be firmly bound together as a result of avkJin-biotin 
complexes being formed between the surfaces of glass 
beads type 1 and 2. 

Claims 

1 . A method of promoting reactions between particles 
(4, 9) suspended in a liquid, by using the phenome- 
non of dielectrophoresis, the particles being of one 
type or of more than one type, which method com- 
prises introducing a volume of the liquid with parti- 
cles suspended therein into a treatment cell 
provided with electrodes, applying an alternating 
electric signal of relatively high frequency to the 
electrodes to generate redistribution of the particles 
under the effect of dielectrophoretic force charac- 
terised in that while the particles in the said cell 
occupy the redistribution positions, a second alter- 
nating electric signal is applied to the electrodes, 
the frequency of the second signal being signifi- 
cantly different from that of the first signal and cho- 
sen taking into account the dielectric constant and 
electrical conductivity of the particles and the liquid 
to produce dielectrophoretic forces acting on the 
particles differing from those produced by the first 
signal, and effecting a second redistribution of the 
particles differing from the first redistribution. 

2. A method of promoting reactions between particles 
(4, 9) suspended in a liquid, by using the phenome- 
non of dielectrophoresis, the particles being of one 
type or of more than one type, which method com- 
prises introducing a volume of the liquid with parti- 
cles suspended therein into a treatment cell 
provided with electrodes, applying an alternating 
electric signal of relatively high frequency to the 
electrodes to generate redistribution of the particles 
under the effect of dielectrophoretic force charac- 
terized in that simultaneously a second alternating 
electric signal is applied to the electrodes, the fre- 
quency of the second signal being significantly dif- 
ferent from that of the first signal and chosen taking 
into account the dielectric constant and electrical 
conductivity of the particles and the liquid to pro- 
duce dielectrophoretic forces acting on the particles 
differing from those produced by the first signal. 



6 



11 



EP 0 513 064 B1 



12 



3. A method according to Claim 1 or 2, characterized 
in that at least one of the alternating electric signals 
applies a negative dieiectrophoretic force on some 
only of the particles in the liquid. 

5 

4. A method according to any one of Claims 1 to 3 and 
including the step of modifying the electrical con- 
ductivity and/or the dielectric constants of the liquid 
and/or the particles. 

10 

PaterrtansprQche 

1. Verfahren zum FOrdern von Reaktionen zwischen 
Partikeln (4, 9), die in einer RQssigkeit in Suspen- 
sion gehalten sind, durch Verwendung des Phflno- is 
mens der Dielektrophorese, wobei die Parti kel von 
einem Typ oder von mehr als einem Typ sind, wobei 
das Verfahren ein EinfQhren eines Volumens der 
RQssigkeit mit den darin in Suspension gehaltenen 
Partikeln in eine Behandlungszelle, die mit Elektro- 20 
den versehen ist und ein Anlegen eines altemie- 
renden elektrischen Signals relativ hoher Firequenz 

an die Elektroden zum Erzeugen einer Neuvertei- 
lung der Partikel unter der Wirkung dielektrophore- 
tischer Kraft aufweist, dadurch gekennzeichnet, 25 
daB, wahrend die Partikel in der Zelle die Neuver- 
teilungsstellen einnehmen, ein zweites alternieren- 
des elektrisches Signal an die Elektroden angelegt 
wird, wobei sich die Frequenz des zweiten Signals 
signrf ikant von derjenigen des ersten Signals unter- 30 
scheidet und gewahtt ist unter Einbeziehung der 
dielektrischen Konstante und elektrischen Lertfa- 
higkeit der Partikel und der Russigkeit, urn auf die 
Partikel wirkende dielektrische Krdfte zu erzeugen, 
die sich von denjenigen unterscheiden, die von 35 
dem ersten Signal erzeugt werden, und urn eine 
zweite Neuverteilung der Partikel zu bewirken, die 
sich von der ersten Neuverteilung unterscheidet. 

2. Verfahren zum FOrdern von Reaktionen zwischen ao 
Partikeln (4, 9), die in einer Russigkeit in Suspen- 
sion gehalten sind, unter Verwendung des Phano- 
mens der Dielektrophorese, wobei die Partikel von 
einem Typ oder mehr als einem Typ sind, das ein 
EinfQhren eines Volumens der RQssigkeit mit darin 45 
in Suspension gehaltenen Partikeln in eine mit 
Elektroden versehene Behandlungszelle und ein 
Anlegen eines alternierenden elektrischen Signals 
relativ hoher Frequenz an die Elektroden zum 
Erzeugen einer Neuverteilung der Partikel unter der so 
Wirkung dielektrophoretischer Kraft aufweist 
dadurch gekennzeichnet. daB gleichzeitig ein zwei- 
tes alternierendes elektrisches Signal an die Elek- 
troden angelegt wird, wobei sich die Frequenz des 
zweiten Signals signifikant von derjenigen des ss 
ersten Signals unterscheidet und ausgewahft ist 
unter Einbeziehung der dielektrischen Konstante 
und elektrischen Leitfahigkert der Partikel und der 
RQssigkeit, urn auf die Partikel wirkende dielektro- 



phoretische Krdfte zu erzeugen, die sich von denje- 
nigen unterscheiden, die durch das erste Signal 
erzeugt werden. 

3. Verfahren nach Anspruch 1 oder 2, dadurch 
gekennzeichnet. daB zumindest eines der alternie- 
renden elektrischen Signale eine negative dielek- 
trophoretische Kraft auf lediglich einige der Partikel 
in der RQssigkeit aufbringt 

4. Verfahren nach einen der AnsprOche 1 bis 3 und 
einschlieBlich des Schritts des Modifizierens der 
elektrischen Leitfahigkert und/oder der dielektri- 
schen Konstanten der RQssigkeit und/oder der Par- 
tikel. 

Revendications 

1 . Proc6d6 pour favoriser des reactions entre des par- 
ticules (4,9) en suspension dans un liquide. moyen- 
nant rutilisation du phenomena de 
di6lectrophorese, les particules etant d'un type ou 
de plus d'un type, le proc6d6 consistant k irrtroduire 
un volume du liquide dans lequel des particules 
sont en suspension, dans une cellule de trait ement 
6quip6e d'eiectrodes, appliquer un signal eiectrique 
alternatif de frequence relativement eiev6e aux 
Electrodes pour produire une redistribution des par- 
ticules sous I'effet de la force di6lectrophor6tique, 
caracteris6 en ce que, alors que les particules 
situees dans ladite cellule occupent les positions de 
redistribution, un second signal eiectrique alternatif 
est applique aux electrodes, la frequence du 
second signal etant nett ement drffererrte de celle du 
premier signal et etant choisie en tenant compte de 
la constante dieiectrique et de la conductivity 6lec- 
trique des particules et du liquide pour produire des 
forces dieiectrophoretiques agissant sur les parti- 
cules diff&entes de celies produrtes par !e premier 
signal, et ex6cuter une seconde redistribution des 
particules, qui drff^re de la premiere redistribution. 

2. Proc6d6 pour favoriser des reactions entre des par- 
ticules (4,9) en suspension dans un liquide, moyen- 
nant ('utilisation du phenomene de 
dieiectrophorese, les particules etant d'un type ou 
de plus d'un type, le proc6d6 consistant k irrtroduire 
un volume du liquide dans lequel des particules 
sont en suspension, dans une cellule de traitement 
6quip6e d'Slectrodes, appliquer un signal eiectrique 
alternatif de frequence relativement 6lev6e aux 
electrodes pour produire une redistribution des par- 
ticules sous I'effet de la force dieiectrophoretique, 
caract6ris6 en ce que simurtan6ment un second 
signal eiectrique alternatif est applique aux electro- 
des, la frequence du second signal etant nettement 
diff erente de celle du premier signal et etant choisie 
en tenant compte de la constante dieiectrique et de 
la conductrvite eiectrique des particules et du 
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liquide pour produire des forces di6!ectrophor6ti- 
ques agissant sur les particules, qui different de 
celles produites par le premier signal. 

3. Proc6d6 selon la revendication 1 ou 2, caract6ris6 s 
en ce qu'au moins Tun des signaux 6lectriques 
atternatifs applique une force di6lectrophor6tique 
negative uniquement & certaines des particules 
dans le liquide. 

10 

4. Proc6d6 selon Tune quelconque des revendications 
1 & 3 et incluant l'§tape consistant d modifier la con- 
ductivity 6!ectrique et/ou les constant es dtelectri- 
ques du liquide et/ou des particules. 
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FIG. 7A 
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FIG. 7B 
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